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ABSTRACT
Animal migration remains poorly understood for many organisms, impeding understanding of movement dynamics and lim-
iting conservation actions. We develop a framework that scales from movements of individuals to the dynamics of continental 
migration using data synthesis of endogenous markers, which we apply to three North American bat species with unexplained 
high rates of fatalities at wind energy facilities. The two species experiencing the highest fatality rates exhibit a “pell-mell” 
migration strategy in which individuals move from summer habitats in multiple directions, both to higher and lower latitudes, 
during autumn. We link movements to higher latitudes to encounters with wind energy facilities and report that the timing of 
pell-mell migration strongly overlaps with that of fatalities at the continental level. These findings support the hypothesis that 
migration distance and strategy are drivers of increased interactions with wind energy facilities, highlighting the significance of 
understanding migratory strategy to achieve conservation goals.

1   |   Introduction

Animal migration is a spectacular natural phenomenon re-
sponsible for the movements of trillions of organisms, thou-
sands of species, and kilotons of nutrients across the Earth 
(Bauer and Hoye 2014). Yet, we know little about the migra-
tory strategies of most organisms because many conventional 
techniques of studying migration are resource-intensive and 

limited to large and easily observed animals (Kays et al. 2015). 
Contrasting theories suggest that seasonal migration, here 
defined as a regular, repeated, and large-scale movement be-
tween different sites (Stern  2009), is motivated by individu-
als tracking consistent climatic niches or resources (Abrahms 
et al. 2021; Gómez et al. 2016; Jonzén et al. 2011). However, 
proximate drivers governed by social and behavioural fac-
tors, such as mating or ephemeral resource tracking, are 
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not necessarily included in these general theories (Aikens 
et al. 2022; Burke et al. 2019). Moving beyond coarse-scale un-
derstanding of migratory dynamics for less well-studied taxa 
requires integrating complex individual-level behaviours to 
landscape-level shifts in the distributions of populations. New 
data types and analytical frameworks that scale from individ-
uals to landscapes will both improve our understanding of an-
imal migration and its drivers and likely uncover surprising 
and unique aspects of migration.

Migratory tree-roosting bats of North America (sensu 
Griffin  1970) are largely solitary, highly mobile, and notori-
ously difficult to study (Fleming and Eby 2003; Popa-Lisseanu 
and Voigt 2009). Their impressive capacity for long-distance 
movement is well known, but mostly anecdotal. For exam-
ple, one species has colonised Hawaii, 3665 km from con-
tinental North America, and three are regular vagrants in 
Bermuda, 1064 km from mainland U.S. (Bonaccorso and 
McGuire  2013). Limited recapture data and location logging 
have shown long and often circuitous movements of a few 
individuals (> 1000 km; Morningstar and Sandilands  2019; 
Weller et  al.  2016). Although migration theory predicts that 
niche or resource tracking would result in two discrete mi-
gratory periods between warm and cool seasons (Somveille 
et  al.  2015), tree-roosting bats are most commonly observed 
migrating in the autumn and only infrequently in the spring-
time (Cryan 2003a; Findley and Jones 1964). Autumn flocks 
of eastern red bats were historically so expansive that they 
would reportedly remain visible overhead for days at a time 
(Howell  1908; Mearns  1898). Because tree-roosting species 
likely have sex-partitioned summer habitat (Findley and 
Jones 1964) and mate in the autumn, it has been suggested that 
mating behaviour could be a partial driver of autumn migra-
tory patterns (Cryan et al. 2012; Cryan et al. 2006). However, 
the patterns and drivers of migratory strategy in tree-roosting 
bats have rarely been examined quantitatively nor across their 
entire geographic range and annual cycles, and thus remain 
largely unknown.

Better understanding of the migratory dynamics of these spe-
cies is of pressing conservation importance because of unprec-
edented large-scale fatalities at wind energy facilities (Arnett 
et al. 2016). Collisions with the blades of wind turbines kill hun-
dreds of thousands of bats in North America per year (Arnett 
and Baerwald  2013). A plurality of these fatalities (72%–79%) 
comprise just three migratory tree-roosting species, the hoary 
(Lasiurus cinereus; 32% of fatalities), eastern red (Lasiurus bo-
realis; 24%), and silver-haired bats (Lasionycteris noctivagans; 
16%; Allison and Butryn 2018; Thompson et al. 2017). Fatalities 
are concentrated in the late summer and early autumn sug-
gesting a link to autumn migration (Arnett et al. 2008; Arnett 
and Baerwald 2013; Cryan and Brown 2007; Kunz et al. 2007). 
However, the link between turbine impacts and migration re-
mains largely circumstantial, and much research focused on 
mitigating impacts to bat species focuses on proximal attractive 
factors (e.g., movement of nearby bats towards turbines; Cryan 
et al. 2022; Guest et al. 2022; though see Reusch et al. 2023). The 
rate of both existing and projected fatalities likely threatens the 
population viability of at least one species, the hoary bat (Frick 
et al. 2017; Friedenberg and Frick 2021). As wind energy devel-
opment is increasing rapidly as a key part of the transition to 

renewable energy, the urgency to explain and mitigate these in-
teractions is growing (Katzner et al. 2019).

Here we develop and apply a framework for understanding mi-
gration dynamics with a focus on North American tree-roosting 
bats, though our approach is applicable to other migratory an-
imals (Figure  1). Our key methodological advance is integrat-
ing low-cost endogenous markers, in this case stable hydrogen 
isotope compositions of fur (Hobson et al. 2010), into a model-
ling framework that can reveal patterns of timing, distance, and 
direction of movement at a continental scale. The basis for this 
approach is that stable hydrogen isotope compositions of precip-
itation vary across geographic and climatic gradients in broadly 
latitudinal bands (Bowen et al. 2005). When the focal bats moult 
during early to mid-summer, their fur integrates isotopic compo-
sitions from the local environment where the fur is synthesised 
(Cryan et al. 2004; Fraser et al. 2017; Pylant et al. 2014). Thus, 
the stable hydrogen isotope compositions of the inert fur keratin 
reflect the summering location where fur was formed (Fraser 
et al. 2013). Isotope-based studies suggest that North American 
tree-roosting bats can be long-distance migrants, although with 
unclear overall patterns of migration (e.g., Cryan et  al.  2014; 
Fraser et al. 2017). An advantage of our approach is the ability 
to synthesise large datasets comprising both new and published 
stable hydrogen isotope measurements transformed to a uni-
fied measurement scale. The increased sampling across broad 
spatial extents and across the annual cycle (Figure 2) provides a 
means to integrate spatial information across two scales: precise 
spatial and geographic information reflecting where and when 
tissue was sampled with more general estimates of the time and 
location of tissue formation. Our methodology accounts for vari-
ation inherent to sampling across multiple species, sampling lo-
cations and times, and analytical approaches. We applied our 
methodology, using measurements of endogenous markers from 
individuals, to infer population-level migratory behaviours for 
the three bat species most impacted by wind energy develop-
ment in North America.

Our aims were to describe the migratory strategies of these spe-
cies and explore whether they relate to ongoing interactions with 
wind energy facilities. First, we tested for patterns of sex-biased 
distributions of summering grounds, expecting to find females 
would select higher-latitude summer habitat than males and 
that this factor may inform overall migratory strategy. Second, 
we described the migratory patterns of each species, expecting 
to find patterns consistent with “to-and-fro migration” (Dingle 
and Drake  2007) between high-latitude summer habitats and 
lower-latitude winter habitats (Figure  3). Specifically, we ex-
pected to find that bats that spent the summer at higher latitudes 
would travel furthest and be more likely to move to lower lati-
tudes to overwinter than counterparts that summered at lower 
latitudes. Because movement direction is inferred relative to the 
location where individuals grew their fur in the summer, we 
also expected to find strong evidence that when movement was 
detectable, isotopic evidence would show that most bats move to 
lower latitudes. Third, as a proxy for collision risk from turbines, 
we tested for differences in the movements of bats sampled at 
wind energy facilities versus by other methods (e.g., live cap-
tures; Figure 3). In each model, we account for key spatial, tem-
poral, and geographic contexts, and thus unravel complex and 
counterintuitive signals of movement across the annual cycle 
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of seasonal migrants. This application of individual-level data 
synthesis to quantify migration at the macroecological scale 
provides insights into migratory strategies and potential risks to 
migratory organisms due to anthropogenic activities.

2   |   Materials and Methods

This study comprised data collection, synthesis, and a multi-step 
modelling framework to test key research questions (Figure 1). 
First, we collected and analyzed fur samples for stable hydrogen 

isotope compositions (δ2H) and synthesized these data with 
those of other studies. We then modeled the relationships be-
tween δ2H values of fur and local precipitation to infer sample 
origins and created individual-level models of probable summer 
origin. Next, we extracted key summary statistics about indi-
vidual movements from those models, relying primarily on the 
geographic and temporal relationships between the region and 
time of probable fur origin and the location and timing of sam-
pling. We used those summary statistics as predictors in a mod-
eling framework to identify drivers of sex-biased distributions, 
distance, and direction of travel. Finally, we tested whether bats 

FIGURE 1    |    A framework that scales from measurements of individual movements to the dynamics of continental migration. At top, individual 
organisms were sampled through multiple methods, including live capture as part of monitoring studies, museum specimens, and carcass searches 
at wind energy facilities. Samples were taken from individuals and analysed; in this study, bat fur samples were collected and analysed for stable hy-
drogen isotope compositions. Next, data synthesis was conducted to assimilate the endogenous marker data collected for this study with previously 
published data. Sampling was conducted broadly across the geographic ranges of the species and values of the marker (in this case, precipitation sta-
ble hydrogen isotope data); it was also conducted across the annual cycle of the organism. This widespread sampling enabled broad-scale individual-
level inference of spatiotemporal linkages, by which precise information on sampling location, time, and methodology could be linked with general 
inferences about the region and period of tissue formation represented by the endogenous marker, in this case the location and timing of summer 
moult. Both sources of data were incorporated into a modelling framework through which research questions were explored. Here, we applied these 
research areas to answer specific questions on sex-linked distributions, distance and direction of movement, and significance of migration and its 
interactions with bat fatalities at wind energy facilities.
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FIGURE 2    |     Legend on next page.
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sampled at wind energy facilities were associated with unique 
movement or distribution dynamics.

2.1   |   Sample and Data Collection

We collected samples of fur from between the scapula of 1665 silver-
haired (n = 309), hoary (n = 719), and eastern red bats (n = 637) 
for analysis of δ2H values across North America. Most of these 

samples (84.7%) were obtained from carcasses salvaged at wind 
energy facilities, with the remainder coming from individuals that 
were captured alive. We integrated these new data with existing 
δ2H values of fur for 1286 individuals sampled primarily from 
live capture and museum specimens (Baerwald et al. 2014; Cryan 
et al. 2004; Fraser et al. 2017; Pylant et al. 2014, 2016; Table S1). In 
total, the dataset used in our study comprises δ2H values from 545 
silver-haired, 1513 hoary, and 893 eastern red bats representing 
broad geographic and intra-annual temporal extents (Figure  2). 

FIGURE 2    |    Samples were obtained from throughout the geographic ranges and across the annual cycle of each species. Panels highlight the 
sampling intensity for silver-haired, hoary, and eastern red bats, overlaid above species range maps (grey shading). Insets at bottom left of each pan-
el show the number of fur samples obtained for each month of the calendar year (log10 scale). Photos by José G. Martínez-Fonseca and Sherri and 
Brock Fenton.

FIGURE 3    |    A schematic of different migratory strategies over the annual cycle, highlighting the distance and direction of travel inferable from 
endogenous markers encoded in the summer as well as predicted relationships between key movement metrics and other factors. At top, a hypo-
thetical population of three individuals begins at a summer habitat (closed circles), at which the endogenous marker was incorporated into tissue. 
Latitudinal movement from the start-of-season location (black open circles) to end-of-season location (grey open circles) is indicated by coloured 
lines (blue indicates movement that indicates, given sampling at a particular time, movement from summer habitat to lower latitude; green to higher). 
A hypothetical “high risk area” (pink shading) shows how pell-mell movements might increase the distance travelled by individuals within such a re-
gion, increasing risk exposure. The left column reflects a conventional to-and-fro migratory strategy; the right, an autumn pell-mell migratory strat-
egy in which individuals move from summer habitat to both to higher and later lower latitudes in the autumn. The predicted relationships between 
individual-level movement characteristics and sampling metadata are highlighted in the lower panels. The expectation of no clear relationships is 
indicated by a horizontal line with a wide credible interval (grey shaded area).
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We compiled metadata associated with each individual, including 
species, morphology-based sex identification, geographic location 
of capture, and sampling method (e.g., carcass from wind energy 
monitoring, live-captured individual, or museum specimen). 
Geographic coordinates were compiled for each individual, either 
directly or through georeferencing locality descriptions.

2.2   |   Assembly of New Hydrogen Stable 
Isotope Data

The 1665 fur samples for which stable hydrogen isotope anal-
ysis was performed in the present study were prepared as in 
Campbell et al.  (2020). To account for exchange of keratin hy-
drogen with ambient vapour, we used comparative equilibration 
(Wassenaar and Hobson 2003) in which samples were analysed 
alongside matrix-matched international reference materials 
with known δ2H values of non-exchangeable hydrogen and an 
internal standard. Fur samples were analysed for δ2H values as 
described in detail in the Data S1.

2.3   |   Assembly of Stable Hydrogen Isotope Data 
From Previous Studies

Isotopic compositions of samples from previous studies were 
generated using varying reference standards, many of which are 
laboratory-specific and, in some cases, not directly calibrated 
to the VSMOW-SLAP scale. To ensure data comparability, we 
used a previously described calibration chain transformation 
approach to assure comparable δ2Hfur values across all previous 
studies and our newly generated dataset (Magozzi et al. 2021; 
Figure S1). This process is based on the measured relationships 
of δ2H values among secondary standards, which are then used 
to calibrate different reference standard scales (Ma et al. 2020). 
At a later model step, we account for uncertainty introduced by 
this transformation (next section).

2.4   |   Relating Fur and Precipitation δ2H Values

The environmental drivers of spatial variation in δ2H values of 
precipitation (δ2Hprecip) are well understood, but ecological and 
physiological factors cause δ2Hfur values to shift as hydrogen is 
incorporated into animal tissues. To model the relationship be-
tween bat fur and local precipitation δ2H values, we relied on 
the measured δ2Hfur values of bats sampled during the period of 
fur growth for each species, as defined by prior studies (Cryan 
et al. 2014; Fraser et al. 2017; Pylant et al. 2016). We related each 
of these values to a modelled δ2H value of precipitation at the 
sampling location, fitting a linear regression describing the pre-
dicted offset between δ2Hprecip and δ2Hfur values for each species 
(Table S2). The use of this regression enables prediction of the 
geographic region of origin of a sample based on its measured 
δ2Hfur value and the modelled distributions of δ2Hprecip values.

2.5   |   Probability-of-Origin Map Creation 
and Interpretation

We used a multi-stage modelling framework to project the prob-
ability of origin for each sample of bat fur. These assignments 

were conducted using the isotopeAssignmentModel function 
in the R package isocat (Campbell 2020; Campbell et al. 2020). 
The output of this step is per-location probabilities of origin for 
each individual within each species' geographic range, stored as 
a raster.

We next applied a clustering framework to identify groups of 
individuals sharing similar summer geographic origins to oth-
ers of the same species. The general approach, described in 
Campbell et al. (2020), is to compare each probability-of-origin 
surface within a species to each other, determine their relative 
similarity, and group individual origins based on that similar-
ity. Groupings of individuals were partitioned using k-means 
(Figure S2). The clustered origins of each group were arranged 
in ascending mean aggregate latitude to ordinally represent the 
relative latitude of summer habitat compared to other origins 
from the same species.

Next, we calculated two key metrics to determine the charac-
teristics of any detected movement by each individual: first, we 
measured the minimum distances travelled from summer ori-
gin to sampling location, and second, the latitudinal direction of 
movement between summer origin and sampling location (e.g., 
an individual might have moved from summer location to lower 
or to higher latitudes). Each summary metric was designed to 
account for the uncertainty within the geographic assignment 
of tissue origin, with distance travelled being calibrated by the 
performance of the metric for reference individuals and direc-
tion travelled using weighted subsampling to account for broad 
geographic areas of potential origins with similar likelihoods. 
Additional information on the calculation of these metrics is 
available in the Supplemental Methods.

2.6   |   Statistical Analyses

We employed Bayesian generalised linear models to describe and 
investigate the migratory movements of the study species and po-
tential relationships with geographic and demographic factors. We 
fit species-specific models with the following response variables: 
sex, distance of travel, latitudinal direction of travel, and whether 
the sample was obtained at a wind energy facility. All models 
were fit to predictors and interactions selected for likely biological 
relevance. For each response variable, we fit models to the same 
predictors across the three different species. All parameters were 
given weakly informative priors except for ordinal date in red bat 
models, which were informed from posterior distributions of the 
same parameters in the hoary bat. Models were fit in the probabi-
listic programming language STAN (Carpenter et al. 2017) using 
the R package brms (Bürkner 2017). We ran each model with 1000 
iterations and a warmup of 500 iterations. We verified model con-
vergence by confirming that no models had divergent transitions 
or r-hat statistics ≥ 1.05. We assessed model fit using posterior pre-
dictive checks to ensure models fit data assumptions.

We first fit a logit-link Bernoulli regression predicting identified 
sex on a dataset filtered to those with reliable sex identifications 
(n = 220, 426, and 214 for silver-haired, hoary, and eastern red 
bats respectively). Predictors were summer latitude, sampling 
latitude, second-order polynomial of ordinal date, and the inter-
action between sampling latitude and date.
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We next fit models with minimum distance travelled as the 
response variable. Because this variable is zero-inflated and 
positive-skewed, we evaluated two families of hurdle model (log-
linked gamma and log-normal). Predictor variables included 
summer latitude, sampling latitude, and second-order polyno-
mial of ordinal date. We also evaluated competing models from 
both families with and without an interaction term between 
summer latitude and ordinal date. Model selection was per-
formed using leave-one-out analysis, resulting in the selection of 
a top model with the lowest leave-one-out cross-validation score.

Our next model step estimated how the latitudinal direction of 
travel of individuals changed with respect to ordinal date. We 
summarised the direction of travel, which was categorised as 
whether individuals had moved from summer habitat to higher 
latitudes, to lower latitudes, or lacked evidence of movement. 
For each direction, we fitted a log-linked Bernoulli regression 
estimating the likelihood an individual had a detectable direc-
tion of movement as a function of a second-order polynomial of 
ordinal date.

Finally, we fit models estimating if sampling method, a binary 
parameter of whether samples were obtained at a wind energy 
facility or not, was affected by the movement of individual bats. 
Predictor variables for these models were direction of travel, 
minimum distance of travel, and summer latitude. We also fit 
additional comparative models using the probability of move-
ment in a given direction, minimum distance of travel, and sum-
mer latitude as predictors. Finally, we examined the association 
between sampling method and the demographic parameters of 
age and sex, as well as whether age was related to movement to 
higher latitudes (Data S1).

3   |   Results

3.1   |   Evidence of Sex-Biased Latitudinal 
Distributions of Summer Habitat

We expected that females would be more likely to summer at 
higher latitudes than male bats, which we confirmed in silver-
haired and hoary bats (silver-haired bat median posterior esti-
mate 0.52, 95% credible interval [CI] 0.10–0.98; hoary bat 0.29, 
95% CI 0.06–0.51). Female and male eastern red bats had no de-
tected difference in summer distributions (−0.03, 95% CI −0.35 
to 0.27; Table S3 and Figure S3).

3.2   |   Unexpected Patterns of Distances Travelled 
for Hoary and Eastern Red Bats

We predicted that bats using a conventional migratory strategy 
that spent the summer at higher latitudes would have travelled 
further than those from low latitudes, and that bats sampled 
at low latitudes would have travelled less far than those from 
high latitudes (Figure  3). Silver-haired bats from higher sum-
mer latitudes had travelled further (median posterior estimate 
0.50, 95% CI 0.38–0.62) and those sampled at low latitudes had 
travelled less far (−0.081, 95% CI −0.11 to −0.057; Figure 4a,b). 
Hoary bats that spent the summer at higher latitudes travelled 
further, though with a less strong relationship than silver-haired 

bats (0.19, 95% CI 0.13–0.25; Figure 4a). Hoary bats that spent 
the summer at lower latitudes travelled further than those 
from high latitudes (0.051, 95% CI 0.038–0.064; Figure  4b). 
Eastern red bats that spent the summer at high latitudes had 
travelled slightly further than those that had not (0.074, 95% CI 
0.029–0.13). There was no relationship between sampling lati-
tude and distances travelled for eastern red bats (−0.0020, 95% 
CI −0.017 to 0.014, Figure 4a,b and Table S4).

3.3   |   Movements From Summer Locations to Both 
Higher and Lower Latitudes

We predicted that, in a conventional migratory strategy, the 
probability of movement from summer location to lower lat-
itudes would be high, and at its maximum in the winter and 
minimum in the summer (i.e., form a U-shaped curve; Figure 3). 
Conversely, we expected that under a conventional migratory 
strategy, the probability of movement from summer habitat to 
higher latitudes would be very low and have no clear relation-
ship with the day of the year. We found that the probability of 
movement to lower latitudes was common in all species, and that 
movement to higher latitudes was common in the late summer 
and early autumn in hoary and eastern red bats (Figure 4c–e). 
The probability of movement to lower latitudes peaked during 
the winter months with probabilities > 0.98 and 0.90 for the two 
species with samples representing most of the year, silver-haired 
and hoary bats respectively. Movement to higher latitudes was 
predicted with much higher probabilities for hoary and eastern 
red bats (peak probabilities of 0.32 and 0.30, respectively) than 
for silver-haired bats (peak predicted probability of 0.06). The 
probability of movement to higher latitudes for hoary bats was 
strongly unimodal, with the top 10% of predicted probabilities 
of movement in that direction occurring between days 206 and 
239 (late July–late August). During this interval the probability 
of movement from summer habitat to higher latitudes was simi-
lar to that of lower latitudes, with movement to higher latitudes 
having a slightly higher predicted probability (Figure  4d). We 
found no evidence that the movement to higher or lower lati-
tudes differed by sex (Table  S6). The majority of bats moving 
from summer habitats to higher latitudes were adults, even 
when juvenile bats were common on the landscape (Figure S4; 
Supplemental Results).

3.4   |   Associations With Sampling at Wind Energy 
Facilities

Silver-haired bats were similarly likely to have been sampled at 
wind energy facilities regardless of movements from summer 
habitat to higher or to lower latitudes (median estimate −0.15, 
95% CI −1.58 to 1.11; Figure 5a). Hoary bats that moved from 
summer habitat to higher latitudes were more likely to be sam-
pled at wind energy facilities than those that moved to lower lat-
itudes (median estimate 1.67; 95% CI 1.21–2.11; Figure 5b). The 
median posterior estimate provided weak evidence that eastern 
red bats that moved from summer habitats to higher latitudes 
were more likely to have come from wind energy facilities than 
those that moved to lower latitudes (0.47), although the 95% 
credible interval of this estimate encompassed zero (CI −0.02 to 
0.99; Figure 5c).

 14610248, 2025, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ele.70202 by C

aitlin J. C
am

pbell - U
niversity O

f Florida , W
iley O

nline L
ibrary on [09/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



8 of 13 Ecology Letters, 2025

Silver-haired bats and eastern red bats that spent the summer 
at higher latitudes were more likely to have been sampled at a 
wind-energy facility than those that had not (silver-haired me-
dian estimate 0.54, 95% CI 0.37–0.73; eastern red 0.29, 95% CI 
0.10–0.49). We observed no evidence of a relationship between 
summer latitude and sampling method observed for hoary bats 
(median estimate 0.10, 95% CI −0.06 to 0.25, Figure  5d and 
Table S7). Eastern red bats that travelled longer minimum dis-
tances were more likely to have been sampled at wind energy 
facilities than those that travelled shorter distances (median es-
timate 2.79e-3, 95% CI 1.04e-3–4.52e-3). Silver-haired and hoary 
bats had a positive relationship between minimum distance of 
travel and wind-related sampling, but these posterior estimates 
were imprecise and had large credible intervals (silver-haired 
median estimate 6.07e-4, 95% CI −2.20e-4 to 1.48e-3; hoary bat 
median estimate 3.55e-4, 95% CI −6.38e-5 to 7.99e-4; Figure 5e 
and Table S7).

4   |   Discussion

4.1   |   Discovery of a Pell-Mell Migratory Strategy

Our key finding is a migration pattern in which many hoary 
and eastern red bats move counter to the expected direction in 
the autumn, and travel from summer habitat to higher latitudes 
before ultimately reversing course to return to similar or lower 

latitudes to overwinter. Specifically, we identify three distinct 
range-wide migratory movements in hoary and eastern red bats: 
(1) migration from summer grounds to higher latitudes in late 
summer and early autumn; (2) a simultaneous or later migra-
tion to overwinter at generally lower latitudes, also in autumn; 
and (3) spring migration towards higher-latitude summering 
grounds. The co-occurrence of movement types 1 and 2, which 
results in widespread mixing of individuals on the landscape, 
results in a pell-mell migratory strategy in which individuals 
move widely and mix on the landscape in autumn. Two prior 
studies hinted at surprising “wandering” and circuitous au-
tumn movements of four individual hoary bats (Morningstar 
and Sandilands 2019; Weller et al. 2016). Our dataset, compris-
ing thousands of individuals, provides context for interpreting 
these tracking data as reflecting a broader migratory strategy. 
Our confidence in this characterisation is supported by contrast-
ing results of silver-haired bat migration, which appear to follow 
a more conventional “to-and-fro” migratory strategy (patterns 2 
and 3) consistent with climate- or resource-seeking movements. 
Although most long-distance animal migrations comprise in-
dividuals tracking seasonal shifts in temperature or general re-
source availability (Abrahms et al. 2021), movements to higher 
latitudes in autumn represent a migratory pattern likely moti-
vated by other factors.

The autumn pell-mell strategy is more remarkable when 
considering that long-distance migration is both risky and 

FIGURE 4    |    The effect of summer latitude (a) and sampling latitude (b) on minimum distance travelled from summering grounds, and the effect 
of sampling month on probability of movement to higher and to lower latitudes (c–e). While silver-haired bats had movement distance and direction 
metrics consistent with a “to-and-fro” migratory strategy, hoary and eastern red bat movements were consistent with a “pell-mell” migratory strategy 
containing population-level movements to both higher and lower latitudes during the autumn. Model predictions reflect mean conditions for each 
species; lines indicate median estimate and shaded area 95% credible interval.
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energetically demanding, and most migrants pursue effi-
cient routes to minimise energetic expenditure (Kranstauber 
et  al.  2015). The strategy highlights the potential capacity of 
hoary and red bats to migrate many hundreds to thousands 
of kilometres, much farther than strictly necessary to seek fa-
vourable climatic conditions or food availability (Cryan 2003b; 
Weller et al. 2016). Adaptive strategies, including the use of tor-
por (Saugey et al. 1998; Weller et al. 2016) and feeding during 
migration (Krauel and McCracken  2013; Reimer et  al.  2010; 
Valdez and Cryan 2009), may help them tolerate the energetic 
stresses of potentially travelling more than double the total 
distance between summer and winter habitats (Figure 3). We 
also note that because endogenous markers are only sensitive 
to movements that cross marker gradients, our approach is not 
sensitive to longitudinal movements and may be unreliable in 
signalling the presence of partial migration, both of which are 
expected in these species (Weller et  al.  2016; Fleming  2019; 
Rogers et  al.  2022). Our model results suggest that the vast 
majority of silver-haired and hoary bats likely overwinter at 
lower latitudes than where they spent the summer, although 
we were unable to infer this information clearly for eastern red 
bats due to limited winter sampling (Figure 2). Evaluating the 
interactions of bioclimatic, social and behavioural, and physi-
ological factors governing the capacities and decisions of indi-
viduals to migrate remains a promising future area of research 
(Alerstam et al. 2003; Auteri 2022).

We found strong evidence of sex-differentiated summer dis-
tributions in all three species, a factor that might drive the 
multi-directional pell-mell autumn migration in hoary and 
red bats. Our results show that female bats were more likely 
than males to summer in high-latitude areas (Figure S3), sup-
porting evidence of sex-biased migration that was previously 
inferred from occurrence records (Cryan 2003a; Findley and 
Jones 1964) and habitat suitability models (Hayes et al. 2015). 
All three species mate in the autumn, prior to or during au-
tumn migration (Cryan et al. 2012). Although we found that 
summer distributions are generally biased by sex, autumn 
pell-mell movements appear to be undertaken by both sexes 
(Table  S6). We expect that male bats may be incentivised to 
search for mating opportunities at higher latitudes than their 
summering grounds, either by seeking mates directly or trav-
elling to hypothesised lekking or swarming locations (Cryan 
et al. 2012, 2006; Fraser and McGuire 2023). Female bats must 
also be incentivised to move in late summer, potentially to 
either seek out or avoid mating events, or possibly to pursue 
favourable prey availability after an interval of low mobility 
while raising young. An alternate potential driver of move-
ments may be the mass emergences of migratory insect prey 
(Kotila et al. 2023; Rydell et al. 2010). Although such migra-
tory events have been poorly characterised in North America, 
they could represent a spike in food availability in terms of 
thousands of tons of biomass (Hu et  al.  2016). Prey seeking 

FIGURE 5    |    Movement from summer habitat to higher latitudes is associated with increased probability of sampling at wind energy facilities for 
hoary and eastern red bats but not silver-haired bats (a–c). Probability of sampling at wind energy facilities also varied across species given differences 
in summer latitude and minimum distance travelled (d–e). In (a–c), the dot indicates median estimate, thicker line 50% credible interval (CI), and thin 
line 95% CI. Model predictions in (d, e) reflect mean conditions for each species; the line indicates median estimate and shaded area 95% CI.
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and weather conditions have been proposed as a driver of au-
tumn movements towards higher latitudes by bats in Europe 
(Voigt et al. 2023), which may also represent a pell-mell migra-
tory behaviour in a different species of migratory bat.

4.2   |   Migratory Behaviour as a Driver 
of Anthropogenic Interactions

Our results provide the first direct support for the hypothesis 
that migration is a key driver of bat fatalities at wind energy 
facilities, and suggest that the length of migratory routes is a 
key risk factor governing encounter rates with wind energy 
facilities. To date, links of migratory behaviour to wind en-
ergy impacts have been made circumstantially through the 
phenological overlap of autumn migration and peaks in bat 
fatalities at wind energy facilities (Allison and Butryn 2018; 
Cryan and Barclay 2009; Cryan and Brown 2007). As migra-
tory species may be more inclined to encounter or forage at 
the heights of wind turbines generally (Roeleke et  al.  2016; 
Roemer et  al.  2017), it has remained challenging to disen-
tangle processes driving fatalities from correlated factors. 
Here, we demonstrate that the timing of the interval in which 
hoary and eastern red bats are regularly found to have moved 
summer locations to both higher and lower latitudes—likely 
representing an interval of widespread multi-directional 
movements by these species—coincides with the timing of fa-
talities. Further, we found that movements to higher latitudes 
and longer minimum travel distances are both associated with 
samples obtained at wind energy facilities (Figure 5). This fur-
ther supports our conclusion that migration distance and pell-
mell migration strategy are both key drivers of bat fatalities 
at wind energy facilities, as increased migration distance pre-
sumably increases general likelihoods of individuals encoun-
tering turbines.

Although substantial research has focused on bat attrac-
tion to nearby wind turbines (Cryan et  al.  2022; Cryan 
and Barclay  2009; Foo et  al.  2017; Guest et  al.  2022; Kunz 
et al. 2007; Reimer et al. 2018), our findings indicate that pell-
mell migration may increase the number of turbines a bat is 
likely to encounter. As many hoary and eastern red bats move 
from summer habitat to higher latitudes and eventually move 
to lower latitudes to overwinter, the routes travelled by those 
migrants would be significantly greater than that of bats mi-
grating in one direction to overwinter (to-and-fro migration; 
Figure  3). Thus, hoary and eastern red bats appear much 
more likely to encounter more obstacles during their seasonal 
movements. Simply put, their migratory behaviour results in 
many more opportunities to encounter wind turbines than do 
species that do not engage in a long, likely circuitous migra-
tion (Weller et al. 2016). This factor may help to explain why 
bat fatalities at U.S. and Canada wind energy facilities com-
prise predominantly hoary (32%) and eastern red bats (24%), 
while other migratory species are less impacted (e.g., the 
silver-haired [16%] and tricolored bats [Perimyotis subflavus, 
2%]; Allison and Butryn 2018). Further, if individuals migrat-
ing during autumn are at greatest risk of encountering wind 
turbines, that provides an explanation for why monitoring 
warm-season bat activity and modelling habitat suitability are 

not necessarily strong predictors of bat fatality rates (Bennett 
and Hale 2018; Solick et al. 2020).

4.3   |   A Generalizable Framework

Migration drives broad changes to biodiversity and shifts in 
ecosystem dynamics worldwide, but our knowledge of migra-
tion patterns and strategy for most taxa is limited. Here, we im-
plemented a framework for unravelling migratory strategy and 
its interactions from the sampling of endogenous markers of in-
dividual organisms. Such approaches are growing in popularity 
and include applications with stable isotopes, trace elements, 
genetics, and trait-based markers (Brewer et al. 2021; Rushing 
et  al.  2014; Vander Zanden et  al.  2018; Wieringa et  al.  2020). 
By sampling with the greatest possible breadth with respect to 
the geographic range of the species, geographic variance of the 
marker, and annual cycle of both the species and the endogenous 
marker, we built a model using data from thousands of individ-
uals to represent migratory strategy over the entire population 
and annual cycle of the species. We performed data synthesis 
which translated data collected at multiple laboratories to a uni-
fied reference scale. We also accounted for model error itera-
tively throughout the modelling process, both within the origin 
mapping steps and at multiple stages when collecting summary 
statistics. This framework was then leveraged to provide insight 
into natural history, migratory strategy, and interactions and 
drivers of migration. We anticipate that this approach will be 
applicable to a diversity of taxa across the Tree of Life.
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